Abstract Previous studies have attempted to define human leukocyte antigen (HLA) class II supertypes, analogous to the case for class I, on the basis of shared peptide-binding motifs or structure. In the present study, we determined the binding capacity of a large panel of non-redundant peptides for a set of 27 common HLA DR, DQ, and DP molecules. The measured binding data were then used to define class II supertypes on the basis of shared binding repertoires. Seven different supertypes (main DR, DR4, DRB3, main DQ, DQ7, main DP, and DP2) were defined. The molecules associated with the respective supertypes fell largely along lines defined by MHC locus and reflect, in broad terms, commonalities in reported peptide-binding motifs. Repertoire overlaps between molecules within the same class II supertype were found to be similar in magnitude to what has been observed for HLA class I supertypes. Surprisingly, however, the degree to which repertoires between molecules in the different class II supertypes also overlapped was found to be five to tenfold higher than repertoire overlaps noted between molecules in different class I supertypes. These results highlight a high degree of repertoire overlap amongst all HLA class II molecules, perhaps reflecting binding in multiple registers, and more pronounced dependence on backbone interactions rather than peptide anchor residues. This fundamental difference between HLA class I and class II would not have been predicted on the basis of analysis of either binding motifs or the sequence/predicted structures of the HLA molecules.
Introduction
Binding of human leukocyte antigen (HLA) molecules to peptide epitopes is essential for the activation of antigenspecific T cells. HLA molecules are extremely polymorphic, with thousands of different allelic variants known in humans. Much of the polymorphism is concentrated in residues located at the peptide-binding groove, giving each allelic variant a distinct binding pattern. In the case of HLA class I, several previous studies have demonstrated the existence of HLA supertypes, which define sets of HLA-A and B class I molecules associated with largely overlapping peptide-binding repertoires (Cano et al. 1998; Chelvanayagam 1996; Doytchinova et al. 2004; Hertz and Yanover 2007; Kangueane et al. 2005; Lund et al. 2004; Reche and Reinherz 2004; Sidney 1998, 1999; Sidney et al. 2008b; Tong et al. 2007; Zhang et al. 1998; Zhao et al. 2003) . The identification of groups of HLA molecules with related binding specificities may reduce Electronic supplementary material The online version of this article (doi:10.1007/s00251-011-0513-0) contains supplementary material, which is available to authorized users. the complexity of screening for broadly reactive HLA ligands, and can be employed to achieve more extensive population coverage of, for example, vaccine candidates, even in genetically heterogeneous human populations.
A number of studies have suggested that many DR molecules (Chelvanayagam 1997; Doytchinova and Flower 2005; Lund et al. 2004; Nielsen et al. 2008; O'Sullivan et al. 1990 O'Sullivan et al. , 1991a Ou et al. 1998; Southwood et al. 1998) , and many DP molecules (Berretta et al. 2003; Castelli et al. 2002; Sidney et al. 2010b) , can be grouped into supertypes. The case of DQ molecules is less clear as the motifs associated with the various molecules appear to be quite different. However, despite apparent motif differences, significant overlaps in the binding repertoires of DQ molecules have also been noted, possibly reflecting a less prominent role of peptide anchor residues, but a common mode of peptide engagement (Sidney et al. 2010a) . At the same time, while motifs have been described for a number of DRB3/4/5 alleles, patterns of specificity for the locus as a whole have not been examined in detail. Herein, we employed actual MHC peptide-binding measurements and objective bioinformatics-based clustering analyses to further verify the existence of class II supertypes and determine supertype assignments across a panel of frequent HLA alleles from all class II loci.
Methods

Peptide synthesis
Peptides were purchased from Mimotopes (Victoria, Australia) and/or A and A (San Diego) as crude material on a 1-mg scale. Peptides utilized as radiolabeled ligands were synthesized on larger scale by A and A, and purified (>95%) by reverse phase HPLC. Timothy grass (Phleum pratense; Phl p) peptides were generated as previously described (Oseroff et al. 2010) .
MHC purification and binding assays
Purification of MHC class I and class II molecules by affinity chromatography has been described in detail elsewhere . Briefly, EBV-transformed homozygous cell lines or single MHC allele-transfected fibroblast (class II) or 721.221 (class I) lines were used as sources of MHC molecules. HLA molecules were purified from cell pellet lysates by repeated passage over protein A Sepharose beads conjugated with specific Abs. Protein purity, concentration, and the effectiveness of depletion steps are monitored by SDS-PAGE and BCA assay.
Assays to quantitatively measure peptide binding to class I and class II MHC molecules are based on the inhibition of binding of a high-affinity radiolabeled peptide to purified MHC molecules and were performed essentially as detailed elsewhere (Sidney et al. , 2008a (Sidney et al. , 2010a . Briefly, 0.1-1 nM of radiolabeled peptide was co-incubated at room temperature or 37°C with purified MHC in the presence of a cocktail of protease inhibitors. For class I assays, 1 μM human β2-microglubulin (Scripps Laboratories, San Diego, CA, USA) is also added to the reaction mixture. Following a 2-day incubation, MHC-bound radioactivity was determined by capturing MHC/peptide complexes on Ab-coated Lumitrac 600 plates (Greiner Bio-one, Frickenhausen, Germany) and measuring bound counts per minute (cpm) using the TopCount (Packard Instrument Co., Meriden, CT, USA) microscintillation counter. In the case of competitive assays, the concentration of peptide yielding 50% inhibition of the binding of the radiolabeled peptide was calculated. Each competitor peptide was tested at six different concentrations covering a 100,000-fold range and in three or more independent experiments. As a positive control, the unlabeled version of the radiolabeled probe was also tested in each experiment.
The monoclonal antibodies utilized for the purification of class II MHC from EBV-transformed cell lines are HLA DRA-specific, and as such do not allow separating DRB1 molecules from co-expressed DRB3/4/5 molecules. In these cases, the specificity of the binding assay has been determined in previous studies utilizing transfected fibroblast lines and/or panels of epitopes of known class II restriction, as described elsewhere (Boitel et al. 1995; O'Sullivan et al. 1990 O'Sullivan et al. , 1991a Sette et al. 1993; Sidney et al. 1992; Southwood et al. 1998; Valli et al. 1993; Wucherpfennig et al. 1994 ).
Hierarchical clustering and bootstrap analysis
The R statistical programming language (Team 2010) was used for all calculations. Binding data for 425 peptides to 27 HLA class II molecules were converted to a binary representation using a 20th percentile cutoff. Distances between each pair of alleles were calculated using the "dist" function with the "binary" method. Hierarchical clustering (Hastie et al. 2001 ) was performed using the "hclust" function with the average linkage method. Seven significant clusters were identified by a dynamic tree cutting algorithm in the "dynamicTreeCut" package (Langfelder et al. 2008) using the following parameters: distM=d (the distance matrix calculated above), minClusterSize=2, deepSplit=2. A bootstrapping analysis was performed over 1,000 iterations using the "BootstrapClusterTest" function of the "ClassDiscovery" package (Coombes 2009 ). This function randomly selected a subset of the data in each iteration and reclustered to estimate the limitations of the method. A heat map of the bootstrapping results was generated (Electronic supplementary material (ESM) Fig. 1 ), which illustrates the robustness of the clusters. Over the 1,000 iterations, alleles were binned into the same cluster 81% of the time and grouped into a different cluster 9% of the time, on average (ESM Table 1 ). The same clustering and bootstrapping analysis was applied to a shuffled dataset where no structure to the data was observed (ESM Fig. 2) . A Kolmogorov-Smirnov test between the two bootstrapping datasets yielded a p value of 2.2 × 10 −16 , indicating that the clusters formed were not the result of random chance.
MHC population coverage and repertoire overlap
The peptide-binding repertoire (R) of each MHC molecule (i) was defined as the set of the peptides that bind that molecule with an affinity equal to, or better than, a specified threshold. In general, for HLA class II, an affinity threshold of 1,000 nM has been found to be associated with the majority of HLA class II restricted epitopes (Sidney et al. 2010a, b; Southwood et al. 1998) , while an affinity threshold of 500 nM is associated with the majority of class I epitopes (Sette et al. 1994a) ; to allow comparison between class I and class II, repertoire overlaps were examined at various different thresholds. The relationship between two molecules has been measured by determining their repertoire overlap, where repertoire overlap is defined as the fraction of peptides binding either molecule that bind both; that is, repertoire overlap=(R i AND R z )/(R i OR R z ) × 100%. Population coverage was calculated as previously described (Sidney et al. 1996 (Sidney et al. , 2010a . Gene frequencies (gf) for each HLA allele were calculated from population frequencies obtained from DbMHC (NCBI; Meyer et al. 2007) . Phenotypic frequencies (pf) were calculated utilizing the binomial distribution formula: pf=1 − (1 − ∑gf) 2 . To obtain total potential population coverage, no linkage disequilibrium was assumed.
Results
Selection of a panel of molecules representative of the main allelic variants at each of the four HLA class II loci Previous studies from our group established quantitative peptide-HLA class II-binding assays specific for a large number of variants encoded by DRB1 (Alexander et al. 1994; Boitel et al. 1995; Geluk et al. 1994; O'Sullivan et al. 1990 O'Sullivan et al. , 1991a Sette et al. 1993; Sidney et al. 1992; Southwood et al. 1998 ), DRB3/4/5 (O'Sullivan et al. 1990 , 1991a , DP (Sidney et al. 2010b) , and DQ (; Sidney et al. 1994 Sidney et al. , 2002 Sidney et al. , 2010a alleles. The availability of these assays has enabled addressing, in a standardized assay format, the binding specificity and repertoire of each molecule. These studies in turn can facilitate addressing the degree to which HLA class II can be classified in functional clusters, or supertypes, in analogy to what was reported for class I molecules.
As a first step, and to emphasize the biological significance of the analysis, we selected a panel of HLA molecules representative of approximately 50-75% of all allelic variants at each of the class II loci considered. The overall frequency of each molecule is shown in Table 1 . To achieve 50% to 75% allelic coverage, the six most common DQ and DP molecules were selected. In the case of the DRB3/4/5 loci, which are selectively expressed in linkage disequilibrium with various B1 alleles, four allelic variants were sufficient to cover over 75% of the alleles. However, in the case of the DRB1 locus, a total of 11 alleles had to be included to cover approximately 50% of the allelic variants.
Together, this set of molecules provides coverage of between 46% and 77% of haplotypes. It should be emphasized that overall phenotypic frequencies in the general population at each HLA class II locus is >70% and up to 94%. Considering all four loci, combined coverage is estimated to exceed 98% of individuals in all major ethnicities worldwide.
Computational clustering based on peptide binding specificity reveals a set of seven distinct supertypes To enable elucidation of functional relationships between these common HLA specificities, each of these 27 most common HLA DR, DP, and DQ molecules was experimentally tested for its capacity to bind a panel of 425 nonredundant peptides derived from a set of P. pratense antigens. Parts of this dataset have been published before (Oseroff et al. 2010; Sidney et al. 2010a, b) and is available at the IEDB web site (IEDB submission ID 1000472). All of the binding data have also been provided here as supplemental data (ESM Table 2 ).
The HLA class II molecules in our panel were next grouped into clusters based on similarities in their respective peptide-binding repertoires using an agglomerative hierarchical clustering algorithm. For the present analysis, a ranking threshold was used to define a peptide-binding event based on measured binding affinity (IC 50 nM). For each molecule, all measurements in the top 20% were defined as binding events. To define cluster borders, a dynamic tree cutting algorithm was employed (see "Methods").
The results of clustering analysis are represented in Fig. 1 as a heat map, where yellow indicates a binding event and red indicates a non-binding event. Rows represent the HLA molecules and columns represent peptides. The dendrogram at the right indicates the distance in binding repertoires among the HLA molecules. The robustness of the clusters was assessed with a bootstrapping algorithm, determining how often similar clusters are formed when some of the data are removed. Although there is some overlap between the clusters defined by the dynamic tree cutting algorithm (Table 2) , the seven clusters formed are significantly better than random (p=2.2 × 10 −16 ; ESM Figs. 1 and 2). In general, the clustering of molecules follows locus patterns. Accordingly, we have denominated three of these groups as the main DR, main DQ, and main DP supertypes. All of the DR molecules not in the main DR supertype have been classified into either the DR4 or DRB3 supertypes (clusters). A separate DQ cluster, inclusive of DQB1*0301 (DQ7) and DQB1*0602, has also been identified and denominated as the DQ7 supertype. Similarly, we identified an additional DP cluster, denominated as the DP2 supertype, that includes DPB1*0201 and DPB1*0401.
Correspondence of class II supertypes with previously defined peptide-biding motifs From the dendrogram shown in Fig. 1 , the first apparent division is that between the two DQ clusters, or supertypes, and everything else. The DQ7 supertype, comprising DQB1*0301 and DQB1*0602, can perhaps be best characterized by a shared preference for small and aliphatic residues in positions 4 and 6 of a 9-mer ligand core (Sidney et al. 2010a ). Three of the four molecules in the main DQ supertype, namely, DQB1*0201, DQB1*0302, and DQB1*0402, prefer acidic residues near the C-terminal end of the core region (i.e., P6-9). In the case of DQB1*0501, polar and charged (but also some hydrophobic) residues are instead preferred at the N-terminus, and indeed DQB1*0501 is the most remote member of the main DQ supertype. This, together with the preference for small and/or hydrophobic residues in positions 4 and 6, suggests that DQB1*0501 may represent a bridge between the DQ7 and main DQ supertypes.
The next bifurcation separates the DRB3 supertype, which includes DRB3*0101 and DRB3*0202 and the DRB4 molecule DRB4*0101, but also the DRB1 molecules DRB1*0301 and DRB1*1302. In genetic terms, DRB1*0301 appears to be the result of a recombination event between the B1 and B3 loci and more closely resembles other B3 products rather than DRBl allelic products (Bell et al. 1987; Gorski and Mach 1986 ). Perhaps not surprisingly, then, DRB1*0301 recognizes a motif distinct from most DRB1 molecules (Geluk et al. 1994; Malcherek et al. 1993; Sidney et al. 1992; Southwood et al. 1998) , with a marked preference for acidic residues in position 4. A similar preference for acidic or polar residues in positions 4 and or 6 has also been suggested for DRB3 Average haplotype and phenotype frequencies for individual alleles are based on data available at dbMHC. dbMHC data considers prevalence in Europe, North Africa, Northeast Asia, the South Pacific (Australia and Oceania), Hispanic North and South America, American Indian, Southeast Asia, Southwest Asia, and sub-Saharan Africa populations. DP, DRB1, and DRB3/4/5 frequencies consider only the beta chain frequency given that the DRA chain is largely monomorphic and that differences in DPA are not hypothesized to significantly influence binding. Frequency data are not available for DRB3/4/5 alleles. However, because of linkage with DRB1 alleles, coverage for these specificities may be assumed as follows: DRB3 with DR3, DR11, DR12, DR13, and DR14; DRB4 with DR4, DR7, and DR9; and DRB5 with DR15 and DR16. Specific allele frequencies at each B3/B4/B5 locus is based on published associations with various DRB1 alleles and assume only limited variation at the indicated locus molecules (Verreck et al. 1996) . A preference for basic residues has been described for DRB1*1302 (Boitel et al. 1995; Davenport et al. 1995 Davenport et al. , 1996 Verreck et al. 1996) and DRB3*0101 (Verreck et al. 1996) . A detailed motif for DRB4*0101 has not been described, but a preference for basic residues in some positions has been suggested (Kobayashi et al. 1996) . Thus, the molecules in this supertype include binding preferences for charged residues in at least one anchor position, similar to the DQ supertype and in contrast to the hydrophobic-based specificities of other DR and DP molecules (see below). The main DR cluster, largely corresponding to the previously described "main DR supertype" , represents the next branching. This clustering is characterized by a shared strong specificity for hydrophobic residues in position 1 of the ligand 9-mer core. Small and/or hydrophobic residues are typically preferred at positions 4 and 6, although in some cases, such as in position 6 of DRB1*1101 ligands, basic residues are preferred. Surprisingly, DPB1*1401 is included in this supertype rather than in either of the two DP supertypes (see below).
A second DR supertype includes both of the DR4 subtypes we examined (DRB1*0401 and DRB1*0405) and also DRB1*0802. Previously, we had considered these molecules as part of the prototype main DR supertype on the basis of overlapping binding specificity ). Based on the data generated here, separation of this cluster from the main DR supertype may reflect less tolerance for charged or polar residues at the position 4 and 6 anchors (compare, e.g., Sette et al. 1993 and O'Sullivan et al. 1991a) .
Finally, the two DP clusters separate out from the remaining molecules. Previous reports had hypothesized the existence of a DP supertype (Castelli et al. 2002; Sidney et al. 2010b ). Indeed, all DP molecules analyzed to date, with the possible exception of DPB1*1401 whose specificity has not yet been characterized in detail, recognize a motif with aromatic residues in positions 1 and 6 of the 9-mer core region of their ligands (Sidney et al. 2010b ). However, the further bifurcation of the DP2 (DPB1*0201 and DPB1*0401) supertype from the main DP supertype (DPB1*0101, DPB1*0402, and DPB1*0501) would not have been predicted on the basis of either main anchor specificity or primary beta chain structure.
Quantitating binding repertoire overlap between HLA class II supertypes
The results presented above define HLA class II supertypes based on the bioinformatic analysis of binding data derived Table 2 ). Repertoire overlap was defined as the percent of peptides binding either of a pair of class II molecules with an affinity of 1,000 nM, or better, that bind both molecules (see "Methods"). This affinity had been previously established as a threshold associated with antigenicity for HLA class II epitopes, irrespective of locus (Sidney et al. 2010a, b; Southwood et al. 1998) . We found that the repertoire overlaps between molecules within the same supertype averaged about 46%, ranging from a high of 60% for the DP2 supertype to a low of 23% for the main DQ supertype (Table 3 and Fig. 2a ). Average repertoire overlaps for molecules in the main DR, DR4, DRB3, main DP, and DQ7 supertypes were 46%, 55%, 31, 56, and 54%, respectively. The level of cross-reactivity between class II molecules in different supertypes was also relatively high, averaging 31%, and with a range of 19-38%, depending on the specific pairs of supertypes. The ratio between the average percentage overlap within a supertype (intra-supertype) to the average percent overlap between molecules in different supertypes (inter-supertype) averaged 1.5, with a range of 1.1-2.3. Using more stringent definitions of binding (down to a threshold of 100 nM), we found that the ratio between the intra-and inter-supertype rates remained low, reaching a high of 2.4 only at the 100-nM threshold (Table 3) .
We hypothesize that this high degree of repertoire overlap between supertypes may reflect the relatively loose binding motifs of class II molecules where a large fraction of the energy of peptide-MHC binding is contributed by backbone interactions (Brown et al. 1993 ) and/or the fact that the same peptide could carry independent overlapping binding frames (Raddrizzani et al. 1997; Sidney et al. 2002) . Accordingly, we predicted that HLA class I would be associated with a lower overlap between different supertypes.
To test this hypothesis, we examined the binding capacity of a set of 252 previously described HLA class I epitopes (Frahm et al. 2007 ) for a set of 30 class I molecules encompassing the seven most common HLA class I supertypes. We found that at an affinity threshold of 500 nM, previously identified as the threshold affinity associated with the vast majority of class I epitopes (Sette et al. 1994b) , the average repertoire overlap between molecules within the same supertype averaged 30%, comparable to the intracluster rate for class II at the same affinity threshold (Table 3 and Fig. 2b ). At the same time, however, the overlap between class I molecules in different supertypes averaged only 2.6%, representing a 12-fold difference in overlap rates. A similar pattern was noted at the 1,000-nM threshold, as well as various other affinity thresholds (Table 3) . Taken together, these data show that newly defined HLA class II supertypes are associated with a degree of intra-supertype overlap similar to that detected in the case of class I supertypes. At the same time, however, the degree of intersupertype overlap observed for class II supertypes is strikingly higher than in the case of HLA class I.
Discussion
In the present study, we have utilized HLA class II binding data to identify clusters, or supertypes, of DR, DQ, and DP molecules, defined on the basis of similar peptide-binding specificity. Previous efforts to define class II supertypes have been based on similarities in primary anchor motifs or structural similarities. The advantage of the present approach is that it is based on experimentally determined function.
For our studies, we have selected a set of allelic variants that represents 50-75% of the HLA class II genes expressed worldwide for all four different HLA class II loci. The alleles provide phenotypic coverage of over 70% at each locus and when combined cover virtually 100% of the general population. Many additional allelic variants are structurally very similar to these representative alleles, and therefore, each of the supertypes described herein likely encompasses several additional allelic variants. Indeed, it has been shown that the binding specificity of HLA molecules can be reasonably well predicted on the basis of the known specificity of closely related allelic variants (Lund et al. 2004; Nielsen et al. 2008; Sturniolo et al. 1999) . However, since we have not analyzed all HLA class II alleles, other supertypes might be defined in the future, encompassing HLA molecules that are yet to be studied.
Our results define seven different HLA class II supertypes denominated as the main DR, DR4, DRB3, main DQ, DQ7, main DP, and DP2 supertypes. These supertypes fall largely along lines defined by MHC locus and reflect, in retrospect, commonalities in peptide-binding a b Fig. 2 Repertoire overlaps between HLA class II (a) and class I (b) supertype alleles motifs (Castelli et al. 2002; Sidney et al. 2010a, b; Southwood et al. 1998) . For example, the DQ7 supertype can be characterized by a shared preference for small and aliphatic residues in positions 4 and 6 of a 9-mer ligand core. Both the main DQ and DRB3 supertypes bring together molecules with prominent preferences for charged residues in one or more anchor positions. The four remaining supertypes represent molecules hypothesized to recognize more hydrophobic residue-based motifs. More specifically, molecules in both DP supertypes share preferences for aromatic residues in positions 1 and 6, and the main DR and DR4 supertypes share strong specificities for hydrophobic residues in position 1 and small and/or hydrophobic residues at positions 4 and 6.
However, while motif similarities between class II molecules can be used to retrospectively rationalize the observed supertypes, the results of the present analysis would not have been predictable solely based on a motifbased classification. This result may be explained by the fact that a large portion of the energy of class II binding is due to backbone interactions (Brown et al. 1993; Madden 1995; McFarland and Beeson 2002; McFarland et al. 2005; Nelson and Fremont 1999; Stern et al. 1994) and that because the ends of the binding groove are open the same peptide may bind different class II molecules utilizing completely different modes. For these reasons, elucidation of class II motifs is not always straightforward, and class II motifs tend to be more loosely described than is the case for class I. As a result, classification on the basis of motifs may overplay differences in that molecules appearing to have somewhat different binding specificity at first glance may, in actual practice, bind similar repertoires.
This may be somewhat exemplified by the very detailed and innovative classification approach of Nielsen et al. (2008) who used neural networks and predicted peptidebinding specificity to define 12 main DR supertypes. Comparison of this classification with the one described herein reveals that it, by and large, represents a parsing of individual DR molecules into individual supertypes. For example, the seven DR molecules we have clustered into the main DR supertype represent seven different supertypes in the Nielsen scheme. In the limited cases where Nielsen and co-workers have defined a supertype containing two or more of the molecules studied herein, intra-cluster repertoire overlap rates are similar to those found in our analysis. Inter-cluster rates are, however, higher, reflecting the fact that two molecules clustered together in our classification on the basis of high repertoire overlap are representative of different clusters in the Nielsen study. Admittedly, the parameters used for clustering in either study differ from one another. However, when we varied the parameters to closely match those from the Nielsen study, our results remained the same.
Our results are also largely consistent with schemes defining supertypes on the basis of phylogeny or shared MHC pocket structures (see, e.g., Doytchinova and Flower 2005) . However, it is also apparent that these approaches may at times imply either closer or more distant relationships than are actually observed when peptide binding is measured. For example, instances of convergent evolution, where completely different structures may share similar specificities, may not be reliably predicted on the basis of MHC structural relationships. This is perhaps best demonstrated by the observation that DPB1*1401 has closer binding specificity to other molecules included in the main DR supertype as opposed to molecules in either of the DP supertypes despite their closer phylogenetic relation. Furthermore, several other functional relationships would not have been predicted on the basis of structural similarity. This is exemplified by the main DP/DP2 bifurcation, which likely would not have been predicted on the basis of either main anchor specificity or primary beta chain structure, or by the inclusion of DRB1*1302 in the DRB3 cluster. Detailed analyses correlating structural differences and similarities between various class II MHC molecules and the corresponding cluster relationships defined herein will be the subject of future studies.
The ultimate reflection of the existence of functional clusters of HLA molecules is an overlapping peptidebinding repertoire. Herein, we provided a rigorous evaluation of the extent of repertoire overlap for class II supertypes and found it to be similar in magnitude to that observed for class I supertypes. But surprisingly, overlaps in repertoires between different supertypes were much greater in the context of class II than for class I supertypes. While cross-reactivity between supertypes has been described in the case of class I, at least in the context of specific epitopes (Axelsson-Robertson et al. 2010; Frahm et al. 2007; Nakagawa et al. 2007) , the degree of crossreactivity seen in the case of class II is profoundly different and pervasive by comparison. This is likely a reflection of main chain interactions being more important for class II binding than for class I. Consequently, the influence of specific pocket motifs may be relatively less prominent compared to the case of class I where pocket specificity is crucial. That this may be the case was suggested in a recent study of the motifs and repertoires recognized by several common DQ molecules (Sidney et al. 2010a) . It was found that while the motifs defined for each DQ were unique, and often very different, most DQ molecules shared a high degree of repertoire overlap.
About one fifth of the peptides tested in the present study were not bound by any, or just one or two, HLA class II molecules tested (see Fig. 1 ). This rate of non-binding is much greater than would be expected by random chance. Similarly, a larger than expected fraction of peptides comprised remarkably promiscuous binders having the capacity to bind a dozen or more of the molecules tested. These observations suggest that perhaps some peptide sequence features may be identified that would reflect the promiscuous binding versus non-binding patterns. Present studies are focusing on further mining the available data and the relationships defined herein to determine whether bioinformatic tools can be developed to efficiently identify peptides with the capacity to bind multiple class II specificities within, or between, the various supertypes and loci.
The set of peptides utilized to generate the binding dataset for the present study was unbiased, representing naturally occurring sequences with a set periodicity, and as such also represents, to the best of our knowledge, an unbiased distribution of promiscuity that closely resembles a random sampling of natural peptides. For this reason, we believe that the set is most appropriate for evaluating the natural repertoire of the MHC molecules under study. However, the possibility that different clustering may be detected using a set of peptides biased for promiscuity is very intriguing, especially, for example, in a vaccine design context. Examination of this possibility will be the subject of future studies.
In conclusion, utilizing MHC-peptide binding data, we have defined seven HLA class II clusters, or supertypes, to encompass the most common DR, DQ, and DP molecules. However, it was also found that in functional terms, the repertoire sharing between the different supertypes is very significant as compared to the case of HLA class I supertypes. While previous attempts have been made to classify HLA class II molecules into supertypes, similar to as has been done for HLA class I, none has predicted this fundamental difference between class I and II supertypes.
